Strong 3D correlations in vortex system of Bi2212:Pb 
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The experimental study of magnetic flux penetration under crossed magnetic fields in Bi2212:Pb 
single crystal performed by magnetooptic technique (MO) reveals remarkable field penetration pat- 
tern alteration (flux configuration change) and superconducting current anisotropy enhancement 
by the in-plane field. The anisotropy increases with the temperature rise up to T m = 54 ± 2K. 
At T — T m an abrupt change in the flux behavior is found; the correlation between the in-plane 
magnetic field and the out-of-plane magnetic flux penetration disappears. No correlation is observed 
for T > T m . The transition temperature T m does not depend on the magnetic field strength. The 
observed flux penetration anisotropy is considered as an evidence of a strong 3D correlation between 
pancake vortices in different CuO planes at T < T m . This enables understanding of a remarkable 
pinning observed in Bi22f2:Pb at low temperatures. 

PACS numbers: 74.72.Hs, 74.60.Ge, 74.60.Jg, 74.25.Ha 



I. INTRODUCTION 

The structure and dynamics of the magnetic flux in 
high-T c superconductors (HTSC) are intensively stud- 
ied because of their importance for both a fundamen- 
tal physics and applications. The main results of these 
studies are summarized in several reviewsi^ The in- 
vestigations reveal the variety of flux line lattice (FLL) 
states or phases in HTSC. Peculiarities of the FLL struc- 
ture are determined by the crystal symmetry or by the 
origin of pinning. The transitions between different FLL 
phases are possible with temperature and magnetic field 
variation. The qualitative difference in the FLL proper- 
ties is found to be closely related to the layered structure 
of crystal lattice of low and high anisotropic HTSC mate- 
rials. In particular, the pancake-like and Josephson-likc 
vortex structures are observed in inclined magnetic field 
in highly anisotropic Bi- and Tl-based superconductors, 
whereas anisotropic Abrikosov vortices are found in su- 
perconductors with a lower anisotropy, such as YBCO. 
However, even in the highly anisotropic superconduc- 
tors the three-dimensional (3D) correlations can exist 
between two-dimensional the (2D) pancake-like vortices 
located in neighboring CuO planesi 2 * 3 - The FLL behav- 
ior of such 3D-correlated phase is in some aspects closer 
to the anisotropic Abrikosov vortex lattice than to un- 
corrected 2D phase. Basically, the 3D correlations in 
the pancake structure could disappear with the increase 
of temperature due to the first-order phase transition or 
FLL molting. A possibility of different types of the FLL 
phase transitions in highly anisotropic HTSC was widely 
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The high resolution magnetooptic (MO) techniqu e - 14 ! 15 
is admitted to be a convenient tool for direct observation 



of the magnetic flux structure and dynamics in supercon- 
ductors. In particular, the MO studies in crossed mag- 
netic fields are employed to clarify a presence or absence 
of the 3D correlations in FLL of superconductor single 
crystals, 8 ! 9 ! 16 ! 17 ! 18 ! 19 : 20 ! 21 Usually, a plate like sample of 
a single crystal is placed in these experiments in a DC 
magnetic field directed in the sample plane, H b, and 
then a field, H z , perpendicular to the plane is applied. 
In such geometry the MO technique is used to study a 
penetration of the magnetic flux induced by the field H 2 . 
The experiments reveal two strikingly different types of 
flux behavior depending on the anisotropy of the ma- 
terial^ The transverse flux moves into the YBCO sin- 
gle crystals preferably along the direction of the in-plane 
magnetic field H a b- Quite contrary, the transverse mag- 
netic flux penetrates independent of the orientation of 
the in-plane magnetic field in case of highly anisotropic 
Bi2212 superconductors. This difference can be readily 
understoodi 16 ! 22 ! 23 

Two systems of orthogonal vortices evidently exist in 
the sample under considered field configuration. First 
system is induced by the in-plane field and the second one 
enters the crystal under the growing perpendicular field. 
In case of moderate crystal anisotropy, both systems are 
the systems of mutually perpendicular Abrikosov vor- 
tices. It is rather evident that perpendicular flux lines 
moves easier along the in-plane vortices than across them, 
because vortex intersection requires additional driving 
force and additional energy^ This mechanism is effec- 
tive for Abrikosov-like vortices and insignificant for the 
pancake-like structures existed in materials with high 
anisotropy. 

The second reason for the in-plane field induced 
anisotropy is related to the magnetic interaction be- 



tween vortices. This interaction gives rise to the so-called 
force-free configuration^ at which vortices are twisted 
around the in-plane field. The critical current density, 
jcf, is limited in this case by the specific FLL instabili- 
^.j es> 25 4 26 J 27 J 28,29 ^his current is usually remarkably higher 
than the current determined by pinning, j c / 3> j C p- This 
leads to the situation when that the current screening 
the flux motion along the H a b is much smaller than the 
current screening the motion across H a b- This mecha- 
nism is important for Abrikosov vortices. It could be 
effective also for the pancake structure in case of strong 
enough correlation between the pancakes located in dif- 
ferent CuO planes. Obviously, an interaction between 
Josephson vortices and the pancakes should be signifi- 
cantly weaker. 16,22 

However, the absence of strong anisotropy of the mag- 
netic flux penetration induced by the in-plane field, 16 
does not mean that the pancakes and Josephson vortices 
are completely independent in Bi2212. A specific weak 
interaction is discussed widely and acknowledged by di- 
rect MO observation under low magnetic fields in a wide 
temperature rangei 8 .V 7 i 18 i 19 i 20 . 21 i 30 i 31 

The transition between two mentioned above types 
of magnetization behavior of superconductors is not re- 
ported in the literature. Probably such type of transition 
could be observed in the material with an intermediate 
anisotropy compared to YBCO and Bi2212. Possible way 
to achieve the goal is to increase the anisotropy of the 
YBCO material by preparing of oxygen-deficient samples 
or to reduce the anisotropy of the Bi2212 superconductor 
by Pb doping. 

It is well known, that Pb doping in Bi2212 single crys- 
^ a j g 6 i 32 4 33 i 34 i 35 rec j uces the electromagnetic anisotropy 
parameter 7 2 = p c /^/p a pb from 8.5 • 10 3 downto 2.5 ■ 10 3 , 
where pi denotes the normal resistivity along the corre- 
sponding crystal axis i, as measured at T = 100 K with 
Pb content varying from to 0.3. Besides, the doping sig- 
nificantly increases the critical current density that was 
attributed to the pinning at so-called 'laminar' super- 
structure formed by variation of the Pb concentration in 
a system of planes parallel to the ac crystal planed 

In the present work a penetration of the transverse 
magnetic flux into the Pb-doped Bi2212 single crystals 
magnetized by the in-plane magnetic field is studied by 
the MO technique in a wide temperature range, 12-^91 K. 
We characterize the flux penetration qualitatively by im- 
ages and quantitatively by the profiles of the perpendic- 
ular magnetic induction B z (r) measured along different 
directions in the sample plane. We find that the in-plane 
magnetic field H a b influence remarkably on the trans- 
verse flux penetration pattern if the temperature T is 
lower than some threshold value T m — 54 ± 2 K. The 
H a b increases the current anisotropy and causes the pref- 
erential flux propagation along its direction. The current 
along the H a & becomes stronger while the current across 
the H a b becomes weaker. Both the current and flux pen- 
etration anisotropy increase with the ~R a b strength and 
temperature rise. 
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FIG. 1: Polarized light microscope image of the sample; the 
crystallographic directions are shown in the left bottom cor- 
ner. The directions of twin boundaries and laminar structure 
are shown by arrows 1 and 2, respectively. The laminar struc- 
ture is invisible in optics. 



The flux behavior changes drastically at T — T m . In 
the temperature range T > T m the penetration becomes 
independent of the in-plane field direction and the flux 
creep increases significantly. The transition temperature 
T m is independent of the strength of both magnetic fields 
H a b and H z within the studied range < H a b < 1800 Oe 
and < H z < 300 Oc. So, our samples behave like 
YBCO at temperatures below T m and like Bi2212 at 
higher temperatures. 



II. SAMPLES 

The single crystals of (Bi .7Pbo.3)2.2Sr 2 CaCu208+5 
were grown by the top solution growth technique^^l 
As-grown samples have plate like shape with the main 
surface coincided with the ab crystallographic plane. To 
provide a flat surface that is always necessary for MO 
studies the samples were chemically polished in ethylen- 
diaminetetraacetic acid. The final thickness of the sam- 
ples was 70 -j- 100 /im. The inductive coil measurements 
showed T c as 91 K with the transition width about 1 K. 
For the sake of easier understanding and comparison we 
present below the images for one typical sample of trapez- 
ium shape, shown in Fig. 1. Other crystals of different 
shape exhibited similar results. 

The 9 — 28 X-ray scanning revealed typical for 
Bi2212:Pb planar defects structure, the twins and lami- 
naei 3 ^* 3 ^ The twin boundaries are parallel to the c-axis 
and coincide with the bisectrix of the angle between a- 
and b-axis. Twins are seen in the presented polarized- 
light image as stripes with light and dark contrast, some 
of them are marked by arrows 1 in Fig. 1 . The laminar 
structure coincides with ac-plane. It is parallel with two 
trapezium sides in Fig. 1 (the directions of invisible in 
polarized light laminae are shown by arrows 2). 



III. EXPERIMENTAL 

The MO studies were performed in the temperature 
range from 12 K to T c . The distribution of the trans- 
verse magnetic induction B z was observed by means of 
standard MO technique pi^i 5 ^ 3 ^ The indicator films used 
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in the study allow us to correctly reconstruct the mag- 
netic induction distribution in H z fields up to 2000 Oc. 
The MO images were taken by the EDC1000 digital video 
camera of fixed sensitivity and variable exposure. The 
brightness of the images is a function of magnetic induc- 
tion. Taking benefits of constant film sensitivity within 
the temperature range 12-^150 K we calibrate the bright- 
ness with respect to the induction value. For this purpose 
we recorded the MO images at a set of values of the H 2 
and H ao at T slightly above T c . As a result, the field 
mapping and profiles of the transverse magnetic induc- 
tion along and across the applied in-plane magnetic field 
were obtained. 

The transverse magnetic field H z parallel to the crys- 
tal c-axis was generated by a solenoidal coil and varies 
from to ±1200 Oe. The in-plane magnetic field H a b 
was produced by Helmholtz coils with a soft magnetic 
core. The uniformity of the field better than 1 % was at- 
tained across the sample. We were capable to rotate the 
field H a b m any direction and to change its value from 
to 1800 Oe. The orientation of the in- plane field was 
controlled by the MO technique with an accuracy about 
10 -3 rad. The experiments were performed on samples 
cooled from room temperature either with or without 
H a t (FC or ZFC regime, respectively). 



IV. MAGNETOOPTIC OBSERVATIONS OF 
FLUX PENETRATION 

A. Zero in-plane field 

The transverse magnetic flux penetrates into the sam- 
ple under the growing H z through a few "weak points", 
which are located at the positions where the twin bound- 
aries intersect the sample edges, compare Figs. 1 and 2. 
The flux enters through the same points within the tem- 
perature range 12-^54 K. The penetrated flux looks like a 
bubbles attached to the sample edges, Figs. 2a-2c, White 
spots near the left sample edge in Fig. 2 correspond to 
the entered magnetic flux; the brighter is the spot the 
higher is the induction. 

An increase of H z expands flux 'bubbles' living then 
attached to the edge. The same penetration depth is 
reached at lower fields with temperature increase. The 
shape of the entered flux is near the same at all temper- 
atures below 54 K. 

The flux localization allows us to easily determine 
anisotropy of the flux penetration in the ab-plane based 
on the bubble's shape. This anisotropy is remarkably 
smaller than expected from the literature data about crit- 
ical current anisotropy^* Note, the twin structure in our 
sample is arranged so that the a-axis is parallel to the left 
edge of the sample in Fig. 1. Therefore the current along 
the edge should be (1 -j- 4)-times higher than the cur- 
rent across the edgei^* Hence, the flux penetration across 
the edge should be shorter than along the edge. More- 
over, the higher is the temperature the greater should 




FIG. 2: MO images of the transverse magnetic field penetra- 
tion at H ab =0; (a) T = 24 K, H z = 149 Oe, (b) T = 37 K, 
H z = 75 Oe, (c) T = 51 K, H z = 46 Oe and (d)T = 54.5 K, 
H z = 34 Oe; white arrows 1 and 2 indicate the directions 
across and along the laminar structure. 
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FIG. 3: Magnetic flux distribution B z (r) along two direc- 
tions, marked by arrows 1 and 2 in Fig. 2 (a), H z = 38 Oe, 
H a b =0, T = 30 K. The coordinate origin r =0 is chosen at 
the point with the maximum induction magnitude. 



be anisotropy. In our experiments most of the observed 
flux 'bubbles' show rather small anisotropy at all tem- 
peratures below 54 K. Only flux spot located very near 
to the sharp corner of the sample has a pronounced flux 
penetration anisotropy, Fig. 2. However this anisotropy 
could be explained by an influence of laminar structure 
as well as by Meissner current configuration along the 
nearest sample edges. 

Evidently, the flux penetration characterizes the cur- 
rent anisotropy only qualitatively because the penetra- 
tion is determined by distribution of all screening cur- 
rents in the sample. 

The current distribution can be calculated from mag- 
netic induction map^*^ However the absolute current 
value can be obtained only under some hypothetical ap- 
proximations of space current distribution. Therefore the 
derivative of the induction taken in the direction perpen- 
dicular to the flux front, dH z (a)/dr, which is propor- 
tional to the current value, is given in the figures be- 
low. The profiles measured along (a = 90°) and across 
(a = 0°) laminar structure are given in Fig. 3 (corre- 
sponding directions are marked by arrows in Fig. 2b). 

The magnetic induction in the "bubble" is a slowly 
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FIG. 4: Angular dependence of \dB z /dr\ at T = 30 K and 
H z — 38 Oe; curves 1 and 2 are obtained at H a b = and 
1800 Oe, respectively. Zero angle corresponds to the direction 
indicated by arrow 1 in Fig. 2(b). 



varying function of coordinates near the center of the 
flux and decays steeply at the periphery. This steep part 
is used to determine 9B z /<9r proportional to the cur- 
rent. The magnetic induction slopes demonstrate definite 
anisotropy, which could be attributed to some extent to 
the flux pinning by the laminar structure. 

The slope of B 2 (r) varies with the direction, Fig. 4 
(curve 1), that is determined as an angle, a, between the 
directions of vector r and the perpendicular to the lami- 
nae, marked by 1 in Fig. 2b. It should be noted that the 
higher is the 9B z /<9r in some direction, the higher is the 
current 3(a), that flow in perpendicular direction. We 
find that the current anisotropy does not follow exactly 
the expected anisotropy with minimum current along the 
laminae, 3 rn i n ^ J(0) and maximum current across them, 
3 max 7^ J (90). We find shift of both directions at which 
the current reaches the extremum for 30°-clockwise. The 
current anisotropy to compare with the literature data^i 
could be characterized by the coefficient kj defined as the 
ratio of maximum and minimum derivatives taken at the 
flux sport periphery, kj = (dB z /dr) max /(dB z /dr) min . 
The kj does not acceed 2 in temperature range from 
12 K up to 50 K and fields up to 300 Oe. 

The magnetic field penetration behavior changes with 
temperature, compare Figs. 2a-2d. The magnetic flux 
'bubbles' remane attached to the flux entrance points 
with field rise while T < T m = 54 ± 2 K. However the 
flux creep grows with the temperature. The flux config- 
uration is quasi-stable at T = 12 K; the flux enters only 
a few percent deeper into the sample in ten minute after 
H z increase at T — 30 K; the flux spreads in seconds 
for 20% deeper at T = 51 K still remaining separated 
"bubbles" with definite B z -slopes at flux periphery if H 2 
is small enough. The shape of the entered flux and the 
induction distribution profiles looks very similar in this 
temperature range for the flux that just enter the sample 
and for awhile. 

At T > T m , the flux penetration behavior changes 
drastically. The magnetic flux starts to penetrate the 
superconductor at some "weak" points and spreads very 
fast in the whole sample volume. Only frame by frame 




FIG. 5: MO images of the flux distribution under the ac- 
tion of crossed penetration into the sample cooled in H a b = 
1800 Oe (H z = 60 Oe and T = 30 K). Different images corre- 
spond to different directions of H a 6 indicated by black arrows 
in the figures. White arrows 1, 2 and 3 indicate the chosen 
direction for B z (r), given in Fig. 6 



browsing of video-records allows us to understand the 
flux behavior. We found that the flux spreads very fast 
through the geometrical center of the sample, changing 
the shape from the beachcomber for smooth flux distribu- 
tion dropped near the sample edges by Meissner current. 
All process runs in a time less than 0.1 s. So during this 
short time the flux distribution becomes typical for un- 
doped Bi2212, Fig. 2d, that is determined by Meissner 
current in the absence of pinning^ 



B. MO studies in crossed fields 

The in-plane magnetic field, Y3 a b, changes the flux pen- 
etration pattern if T < T m . The magnetic field enters 
the superconductor from the same weak points as with- 
out H &. However the flux diffuses predominantly along 
the direction of the H a b- For this reason, the entered flux 
looks now rather like stripes, extended along the H a b- 

Typical pictures of the B z distribution in the presence 
of perpendicular magnetic flux penetration into the sam- 
ple cooled in the in-plane magnetic field (FC regime) are 
shown in Fig. 5 at fixed value of the transverse field H 2 
and temperature T < T m . Different images in the figure 
correspond to different directions of the vector H a h. The 
flux penetration depth and the magnetic induction mag- 
nitude rise with the increase of transverse field H 2 . The 
anisotropy of magnetic flux penetration increases mono- 
tone with the in-plane magnetic field; the entered flux 
'stripes' become narrow and longer. The anisotropy is 
the same in FC and ZFC regimes. 

The appearance of the penetration anisotropy induced 
by the in-plane field in Bi2212:Pb was not reported till 
now. Such behavior of the magnetic flux is observed 
within the temperature range from 12 to 54 ± 2 K. This 
type of the field penetration is analogous to that usually 
observed in YBCO single crystals. 

The Fig. 6 shows three profiles of the magnetic field 
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FIG. 6: Profiles of the magnetic field induction at T = 30 K, 
H a b = 650 Oe, and H z — 60 Oe; curve 1 is the induction 
profile along H a b far from weak points, curve 2 and 3 are 
obtained near a weak point along and across the direction of 
in-plane field, respectively. 
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FIG. 7: Dependences \dB z /dx\ and |<9B z /<9y| vs -ff a 6 and kj 
for T = 30 K and H z = 77 Oe. 



induction taken along the directions shown in Fig. 5. 
Curve 1 is the coordinate dependence of B z along the 
H a b direction (x-axis) measured between two weak points 
where the magnetic flux penetration is screened by the 
supercurrents. Some growth of the magnetic field near 
the edge is due to the non-zero demagnetizing factor of 
the sample. This field 'hill' is always observed near thin 
crystal. Curve 2 is the magnetic induction profile B 2 (x) 
scanned in the same direction but near the weak point 
within the band of the magnetic flux penetration into the 
superconductor. This profile exhibits a definite drop near 
the surface due to the Meissner current. 

In the bulk of the sample, the entering magnetic flux 
has a variable slope similar to that in the case of H ao =0, 
Fig. 3; namely, B z (x) varies slowly near the magnetic in- 
duction maximum and drops down almost linearly at the 
flux periphery. Profile 3 is obtained in the same flux 
penetration zone as profile 2 but in the direction per- 
pendicular with respect to the vector H ao (y-axis). This 
profile also consists of parts with different slopes, that is, 
a central part with a small flux gradient and two periph- 
eral parts with the much steeper and almost linear slopes. 
The value of the transverse (with respect to the in-plane 
field) slope <9B z /<9y is much larger than the longitudinal 
one SB z /<9x and both of them are much smaller than 
the slope of the magnetic induction due to the Meissner 
current, compare profiles in Fig. 6. 

The in-plane field changes the gradient of the mag- 
netic induction, <9B z /<9r, along all flux periphery. The 
corresponding angle dependence, dH z /dr(a) measured 
in the same manner as in the case of H a b =0, is shown 
in Fig. 4 (curve 2). The distribution is obtained for the 
stripe-like flux entered the crystal at T = 30 K following 
FC under H ab = 1800 Oe. The H ah is directed along 
laminae. The <9B z /9r(a) has minimum in this namely 
direction and increases sharply near perpendicular direc- 
tion. It is evident the in-plane field induced anisotropy 
is much stronger than the anisotropy due to the laminar 
structure. 

The slopes of the induction and the currents propor- 
tional to the slopes, changes with the value of the in-plane 
field. The induction derivative along the in-plane field de- 
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FIG. 8: MO images at H ab = 1800 Oe and different temper- 
atures; (a) T = 17 K and H z = 302 Oe, (b) 29 K and 154 Oe, 
(c) 43 K and 54 Oe, (d) 56 K and 40 Oe. Black arrows show 
the in-plane magnetic field direction, white arrows indicate 
the preferable direction of magnetic flux diffusion. 



creases with H a b while the derivative across this direction 
increases, Fig. 7. Hence, J sx (H a b) is an increasing func- 
tion while J sy (H a h) is a decreasing one. Accordingly, the 
current anisotropy k,/ is a rising function of H a &, Fig. 7. 
So, the current in Bi2212:Pb behaves with the in-plane 
field at < T < T m in the same manner as in YBCO. 

The magnetic flux penetration depth grows monotone 
with T in the temperature range 12 K< T < T m , Fig. 8. 
It is evident the geometrical anisotropy of flux penetra- 
tion k increases with T. The analysis of the magnetic 
field profiles B z (r) reveals that the current anisotropy 
kj is a growing function of temperature as well despite 
both screening current components 3 SX and 3 sy decrease 
with temperature, Fig. 9. The curves k(T), kj(T) are 
also presented in Fig. 9. These values increase with tem- 
perature approaching to saturation at T w 40 4- 45 K for 
k(T) and 25 4 30 K for kj(T). 

The picture of the magnetic field penetration changes 
dramatically if temperature exceeds the transition value 
T m (see Fig. 8d) just as in the case of H a 6 = 0. The 
flux motion becomes independent of the in-plane mag- 
netic field direction. The vortex lines enter the sample 
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FIG. 9: Dependences \dB z /dx\ and \dB z /dy\ vs T and kj 
under the crossed fields H ab = 1800 Oe and H z = 77 Oe. The 
anisotropy of the flux penetration k(T) is shown also 



through a weak points in the same way as at lower tem- 
peratures, but move to definite geometric 'center'. The 
position of this 'center' is determined by the sample shape 
only and does not depend on the direction and value of 
the in-plane field. The magnetic flux fills the sample vol- 
ume in a time less than 0.04 s. Browsing of the MO frame 
sequence allows us to reveal the direction of the magnetic 
flux motion indicated by white arrows in Figs. 8, black ar- 
rows indicate directions of the in-plane field. Such mode 
of flux penetration in crossed fields is similar to that ob- 
served in Bi2212 single crystals in the absence of pinning. 
The final vortices distribution in our samples at T > T m 
is also similar to Bi2212 with typical dome-shape deter- 
mined by the geometric barrier. It should be emphasized 
that the crossover temperature T m — 54 ± 2 K is in- 
dependent of the magnetic field within the field ranges 
H a6 = 1800 Oe and H 2 = 300 Oe. 

We studied also these phenomena in samples with the 
same Pb doping but without twins. The magnetic flux 
enters such samples by a wide pillow-like front. The in- 
plane magnetic field influence the depth of the flux pene- 
tration and the magnetic induction slope. The anisotropy 
induced by the in-plane field was observed in these sam- 
ples only at T < T m . 

The described above behavior of the magnetic flux in 
the FC regime is similar to the picture of the magnetic 
field penetration in the ZFC mode. 



V. DISCUSSION 
A. Magnetic flux dynamics below T m 

The MO studies in crossed fields reveal that super- 
currents of three different types screen the magnetic flux 
entering into the sample. The largest current (see curve 1 



in Fig. 6) flows near the sample surface far from the 
'weak' points. It can be associated with the Meissner 
current 3 sm . The 3 sm is independent of the in-plane 
magnetic field and is by order of magnitude higher than 
two other currents 3 CX and 3 cy flowing in the sample 
bulk along and across the direction of the vector H a 5, 
3 cy <C 3 CX <C 3 sm . Naturally, the values of the screening 
currents J sm , 3 CX , and 3 cy decrease with the tempera- 
ture. 

We observed 3 CX cx \dTS z /dy\ grows monotone with 
H a b, Fig. 7. Really, the current along the in-plane field 
does not act by the Lorentz force on the in-plane vor- 
tices, as discussed in the Introduction. In such force-free 
configuration the critical current density should increase 
with the increase of W. a b^ The growth of 3 CX with H ao 
should take place for anisotropic Abrikosov-like flux line 
structures as well as for 3D correlated stacks of pancake- 
like vortices. 

The current across the in-plane field, 3 cy cx \dH z /dx\, 
decreases with H a fc as one often observe for pinning con- 
trolled current, Fig. 9. 

The penetration and current anisotropy increases with 
temperature while T < T m , Fig. 12. Such anisotropy 
growth was found for YBCO single crystals J* 6 This could 
be connected with the rise of the coherence lengths 
with T. The superconducting correlations between differ- 
ent CuO planes become stronger giving rise to a stronger 
interaction between the in-plane and transverse magnetic 
flux. 

The presented results show that the magnetic prop- 
erties of our samples at T < T m are in many features 
analogous to that of YBCO. This allows us to assume 
the existence of rather strong 3D correlations in the vor- 
tex system of Bi2212:Pb. 



B. FLL phase above T m and transition temperature 

The apparent picture of the magnetic flux penetration 
changes drastically at T = T m . The observed disap- 
pearance of the intercoupling between the in-plane and 
transverse magnetization could find the reasonable expla- 
nation in terms of a decay of correlations between pan- 
cakes located in different CuO planes A possible 
alternative explanation of the crossover in magnetization 
behavior at T = T m is vortex depinning that means the 
T m {B) should be treated as a irreversibility line. Re- 
ally, the flux creep rate rises and the pinning diminishes 
with T approaching to T m . However, at this tempera- 
ture the correlation between the direction of the entering 
transverse magnetic flux and the in-plane field decays 
in a step-like manner also. The latter effect could not 
be explained in terms of the thermal depinning. More- 
over, the found crossover temperature T m is independent 
of the magnetic field, while the magnetic field depen- 
dence of the irreversibility line is usually strong for Bi- 
based systems ^iLl^iH Thus, an attempt to attribute 
thermal depinning fails. In the same time, a decay of 
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a 3D-correlations in the flux line system should be sup- 
plemented by the reducing of the bulk pinning and by 
disappearance of correlations between the transverse and 
in-plane flux. Therefore, we consider the 3D-2D crossover 
as a more realistic explanation of the observed transition 
at T — T m • 

Such type of 3D-2D transition could occur due to a 
melting of the vortex structure during which the strong 
correlated stacks of pancakes melt in disordered gas or 
liquid of 2D vorticesiS*^ An indication that the ob- 
served change in FLL properties at T m is due to some 
first-order phase transition is the behavior of the mag- 
netic flux penetration anisotropy versus the temperature. 
The anisotropy increases with T and reduces abruptly at 
T = T m . The transition of the pancake stacks into the 
phase of non-correlated 2D vortices should lead to a con- 
siderable increase of the thermal creep, e.g. due to dimin- 
ishing of the activation volume and due to corresponding 
decrease of the effective pinning, 3 that is observed in the 
experiment. 

Following common conceptions^ the melting tempera- 
ture T m can be estimated by equating the characteristic 
energies of the FLL elastic strain and thermal fluctua- 
tions fcgT, where ks is Boltzmann's constant. The cor- 
responding relation is given by 

feTm = a L C 66 ald c , (1) 

where <Cl is Lindeman's constant, Cqq is the FLL 
shear modulus, ao is the FLL constant, and d c is 
an effective correlation length between the pancakes 
along c-axisi 41 ^ The d c coincides with the distance be- 
tween neighboring CuO planes by order of magnitude in 
strongly anisotropic system^ The melting temperature 
T m defined by Eq. is independent of the perpendicular 
magnetic field B z since ao oc 1 / \fB~ z and 6*66 oc B z 
The last fact is in agreement with the results of the 
present experiments. In the dislocation melt approach 
Lindeman's constant can be estimated as a^ = 1/Att. 41 
Substituting C 66 = B z (f> /(4:Tr\ ab ) 2 and a 2 = 2(f) /^/?>B 
into Eq. Q one finds the equation for the melting tem- 
peratur e) 2 ; 42 

k B T m = 2 d c /32V3^ 2 A 2 fc (T m ), (2) 
where <fio is the magnetic flux quantum and X a b(T) is 



the London penetration depth in the ab-plane. We find 
T m « 50 K if d c = 1 - 2 nm and A q6 (0) = 200 - 300 nm, 
which seems reasonable for Bi2212:Pbi25t26i This estima- 
tion is not a strong proof but some evidence in favor of 
the 3D-2D transition. 

In disordered 2D phase the correlation between the mo- 
tion of the transverse flux and the in-plane magnetic field 
is significantly lower compared with the 3D correlated 
system. The reduction of the activation volume makes 
easier the thermoactivated motion of the non-correlated 
2D vortices in any direction. 

VI. CONCLUSION 

The MO studies of Bi2212:Pb single crystals in crossed 
magnetic fields revealed that a transition occurs in the 
magnetic flux behavior at T = T m = 54 ±2 K. The trans- 
verse magnetic flux at T < T m behaves like in YBCO 
spreading preferably along the in-plane magnetic field. 
At T > T m the transverse flux penetrates independent 
of the in-plane magnetic field as in Bi2212 system. The 
anisotropy of the flux penetration increases with the in- 
plane magnetic field and temperature at T < T m . The 
transition temperature is independent of the magnetic 
field. The obtained experimental results could be under- 
stood within the concept of the flux line melting giving 
rise to the transition of 3D correlated stacks of pancakes 
into disordered phase of 2D ones. We believe that the 
existence of strong 3D correlations in the flux line struc- 
ture due to Pb doping is the main reason for enhanced 
critical current in Bi2212:Pb. 
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